In this study, the surface morphologies of poly(2-vinyl pyridine-block-methyl methacrylate), P(2VP-MMA), copolymer films were analyzed by atomic force microscopy. P(2VP-MMA) samples varying in total molar mass and individual block length were evaluated for variations in the surface morphologies of films cast from toluene on Si wafers. The incorporation of AuNPs into the polymer domain significantly influenced the surface morphology of the films. Variations in the surface morphology as a function of the polarity of the casting solvent were also examined. In this context toluene (a non-polar solvent), chloroform (of intermediate polarity)
Introduction
Block copolymer (BCP) lms offer a variety of self-organized patterned morphologies of molecular dimensions in a highly effective manner owing to differences between the compatibility and thermodynamic properties of the connected blocks. This high level of control over the nanostructure morphologies is required while working towards the miniaturization of electronic and optical devices. [1] [2] [3] [4] [5] [6] [7] [8] The microdomains can form spherical, 9 lamellar, 10 cylindrical, 11 gyroid, 7 or more complex shapes 12, 13 with a regular periodic order having typical repeat distances in a range of 10-100 nm, depending upon the length, connectivity, and mutual interactions of the different blocks. Various factors that contribute to variations in the surface morphology of lms of BCPs include the molecular weight and composition of the BCPs, lm thickness, annealing temperature, casting solvent, interfacial interactions, substrate pattern, solvent evaporation, and electric eld. [14] [15] [16] As-prepared lms of BCPs exhibit laterally different but highly ordered distributions of different polymeric components with microdomain sizes and characteristic distances at the nanoscale. 17, 18 These lms have been used as self-organized templates for the synthesis of various inorganic materials, such as nanoparticles, nanoclusters, nanotubes, nanowires etc. The surface structure and morphology of BCP lms depend upon the minimization of surface and interfacial energies. 17 Different surface morphologies tend to be produced during lm formation because of differences in interfacial energy between the blocks of the copolymer and the surface of the substrate in order to minimize the free energy. 19 The mesoscale structure of BCPs in the bulk is determined by molecular parameters such as chain length, volume fractions of the components, degree of incompatibility, and temperature. However, there may be some additional driving forces that affect the structures of the lms. 20 Typically, polymeric components with the lowest surface energy will accumulate at the surface and the component with the lowest interfacial energy will be attracted to the supporting substrate. 21 Furthermore, connement of the material to a lm thickness that is a non-integer multiple of the "natural" bulk repetition length can cause the lm structures to deviate from the corresponding bulk material. Consequently, phase behavior in lms of block copolymers is complex and exhibits a larger variety of structures compared to the bulk. 22 Several approaches have been employed to manipulate the self-organization of BCPs, among which thermal annealing is one of the most advanced approaches for modifying the polymer structure at the nanoscale. Generally, post-deposition of the polymer onto the substrate leads to disordered structures. The polymers become mobile and structurally transform above the glass transition temperature (T g ). Thermally induced molecular motion reorganizes the amorphous portion into a more perfect crystalline form compared to bulk melting that destroys existing crystalline regions. Therefore, maximum crystallinity can only be achieved below the melting temperature (T m ). [23] [24] [25] [26] Block copolymers composed of poly(2-vinylpyridine) (P2VP) segments, containing pyridine moieties as side chains, have been used for many industrial applications. A typical example is utilization of P2VP block copolymers as templates for metal complexes to prepare nanoparticles (NPs). [27] [28] [29] [30] [31] The NPs-P2VP based nanocomposite assemblies improve the functionality of electronic, photonic, and chemical devices due to the presence of the nitrogen atoms of the pyridine ring with an unshared electron pair that induces pH sensitivity. 23 In addition, magnetic, photonic, chemical, and electrical properties of nanomaterials are very different from those of their bulk materials. Consequently, there have been several studies focusing on the incorporation of nanoparticles within the block copolymer microdomains. 32-36 P(2VP-MMA) BCPs have been employed in a novel methodology for the preparation of nanostructured magnetic thermoset materials without metals. 37 The study focused on the nanostructuration of poly(ionic liquid) BCPs and their subsequent magnetic thermosets. The degree of quaternization of the pyridine block plays the major role in the structuration and magnetism.
In this study, the selectivity of the morphology of BCP lms with regard to total molar mass, the molar mass of individual blocks, the chemical composition of the parent materials, and the nature of casting solvent as well as the substrate is investigated. Poly(2-vinylpyridine)-block-poly(methyl methacrylate), P(2VP-MMA), is selected owing to the excellent stabilization behavior of P2VP for nanoparticles (NPs) and the large difference in the surface energies of both blocks. The conditions for achieving different patterns are optimized. These selectivity studies will help in tracking down a targeted morphology for any intended application. Atomic force microscopy (AFM), being a non-destructive imaging technique, is employed for the structural and morphological analysis of the lms and gold nanoparticles incorporated into P(2VP-MMA). A meticulous study of the effect of the casting solvent, molecular weight, chemical composition, and nature of the substrate, as well as thermal annealing on the morphology of polymer lms is conducted.
Experimental

Materials and instruments
Anionically polymerized P(2VP-MMA) was purchased from Polymer Standard Services (Mainz, Germany). Tetrachloroauric acid (HAuCl 4 ) and NaBH 4 were purchased from Sigma Aldrich, USA and TCI, Tokyo, Japan, respectively. All HPLC grade solvents, i.e. toluene, chloroform, and ethyl acetate, were purchased from RCI Labscan Limited, Thailand. All the reagents were used without further purication. Table 1 summarizes the number average molar mass (M n ), weight average molar mass (M w ), molar mass at peak maximum (M p ), polydispersity index (Đ), and percent ratios of individual blocks of P(2VP-MMA) under study, as provided by the manufacturer.
Atomic force microscopy
AFM images of P(2VP-MMA) and gold coated-P(2VP-MMA) were recorded using an atomic force microscope (AFM) (Agilent 5500) (Arizona, USA) in the tapping mode. For all measurements, a triangular so silicon nitride cantilever (PPP-NCH) with a length of 125 mm, thickness of 4 mm and a mean width of 30 mm, with a spring constant value of 42 Nm À1 , and resonance frequency in the range of 204-330 kHz was used. Typically, a resonance peak at 307 KHz in the frequency response of the cantilever was chosen for the tapping-mode oscillation. The AFM images were recorded at a scan range of 10 Â 10 mm with a scanning frequency of 1.01 Hz per line in an insulated chamber under hanging position and weightless conditions.
FTIR
FTIR spectra were analyzed with a Bruker Vector 22 spectrometer (Germany) in the range of 400-4000 cm À1 using KBr pellets.
Zetasizer
The size distribution of the P(2VP-MMA) micelles in toluene and P(2VP-MMA)-AuNPs were determined by a zetasizer, nano-ZSP (Malvern Instruments). The analyses were performed at a scattering angle of 90 using a disposable cuvette at 25 C.
Scanning electron microscopy
All polymer and polymer-nanoparticle lms were drop casted from toluene onto glass wafers and air-dried. Images were recorded using a JEOL, JSM-820 microscope at an acceleration voltage of 3 kV.
Preparation of lms of P(2VP-MMA) BCPs
P(2VP-MMA) copolymer solutions (0.1 mM) were prepared in toluene and lms were formed by the drop casting method onto various substrates. Films from solutions of P(2VP-MMA) in chloroform and ethyl acetate copolymer were also prepared following the same procedure. Table 1 Molar mass and polydispersity index of P(2VP-MMA) as provided by the manufacturer 
Results and discussion
The surface chemistry of a polymer with the desired physical characteristics, such as size, shape, and interfacial features, is the major rationale for a variety of applications while working at the nanoscale. Poly(2-vinylpyridine-block-methylmethacrylate), P(2VP-MMA), is an amphiphilic diblock copolymer with distinctly different polarities of each block (Fig. 2 ). The total molar mass of the block copolymer and the relative ratio of the blocks have a huge impact on the morphology of lms prepared with these block copolymers.
BCPs have the ability to self-assemble in the form of micelles in a suitable medium, depending upon the relative compatibility of the individual block with the surrounding solvent. For instance, toluene is a good solvent for PMMA but a non-solvent for P2VP; therefore, the micelles of their BCPs will be formed with an insoluble core containing P2VP protected by a PMMA corona (Fig. 1 ). The presence of basic nitrogen in the P2VP matrix of the copolymer makes it an excellent candidate for the fabrication of nanoparticles in the polymer domain.
The current study is devoted to variations in the morphology of lms of P(2VP-MMA) as a function of total molar mass, relative individual block length, and composition of BCPs, as well as the polarity of casting solvent and substrate, followed by variations in the morphology of BCP lms by incorporation of NPs in the polymer domain. Finally, the effect of thermal annealing on BCP lms is discussed.
Surface morphology of lms of P(2VP-MMA) and P(2VP-MMA)-AuNPs
As a rst step of surface morphology studies, polymer and polymer coated AuNPs were cast onto Si wafers from toluene. The coating was accomplished by air drying the surface for 48 h Fig. 3 illustrates the surface morphology of lms obtained on Si wafers by casting several P(2VP-MMA) BCPs from toluene that have different total molar masses and compositions of individual blocks. Different surface topographies were obtained that require quantitative assessment for the development of any correlation with the composition of the polymers. The factors controlling the phase separation of the copolymers in the formation of lms by solvent evaporation include different surface free energies and the comparative solubility of different segments in the casting solvent, and polymer-air and/or polymer-substrate interactions. All three factors collectively dictate the nal morphology of the copolymer lms. 39, 40 Furthermore, incorporating AuNPs affected the topography of the polymer by enlarging the phase domain (Fig. 1 ).
The BCPs under study could be compared with regard to couple of parameters. The rst comparison could be BCPs with a similar total molar mass but different composition. P(2VP 3 -MMA 97 ) and P(2VP 15 -MMA 85 ) have comparable molar masses; however, their chemical compositions are signicantly different. Flatter surfaces with a lamellar structure containing undened grooves between the lamellae were obtained with P(2VP 3 -MMA 97 ), as shown in Fig. 3A . The block length of P2VP is shorter compared to PMMA. In this case; therefore, they are arranged like threads instead of spherical micelles. Conversely, continuous hexagonal structures with a pore size of 28 nm were obtained with P(2VP 15 -MMA 85 ), that has a considerably longer P2VP block length (Fig. 3B) . The second comparison could be BCPs having similar P2VP block length, but different total molar masses. In this context, P(2VP 15 -MMA 85 ) and P(2VP 10 -MMA 90 ) have similar P2VP block lengths; however, the total molar mass of the latter is higher. The morphologies of the lms obtained with both are similar; nonetheless, smaller cylindrical nanogrooves with an average pore size of 10 nm are obtained for P(2VP 10 -MMA 90 ) compared to 28 nm for P(2VP 15 -MMA 85 ) ( Fig. 3B and C) . The grooves and ridges observed in lms might be pores of the block copolymers formed during the process of micelle formation. This hypothesis is supported by a comparison of the topographical images obtained for P(2VP-MMA) ( Fig. 3) and P(2VP-MMA)-AuNPs (Fig. 5 ). The nanoparticles incorporated in the polymer micelles became brighter and enlarged in domain size. The basic nitrogen in the polymer backbone reacts with AuNPs that results in a swelled core of the micelle. The assumption that AuNPs are incorporated into the P2VP core of the micelles is also supported by FTIR analysis. 29 FTIR spectra of AuNPs, P(2VP-MMA), and P(2VP-MMA)-AuNPs are demonstrated in Fig. 4 . The C-N stretch peak of P2VP at 1595 cm À1 disappeared and a new peak at 1650 cm À1 appeared that indicates the interaction of AuNPs with P2VP. An AFM topographical analysis showed that the size of the nanoparticles fabricated with different copolymers is in the order of P(2VP 10 -MMA 90 ) < P(2VP 15 -MMA 85 ) < P(2VP 3 -MMA 97 ) (Fig. 5 ). This is a clear indication that pores in P(2VP 10 -MMA 90 ) are smaller compared to those in P(2VP 15 -MMA 85 ) followed by P(2VP 3 -MMA 97 ).
Furthermore, the obtained Rsk values for P(2VP 3 -MMA 97 ), P(2VP 15 -MMA 85 ) and P(2VP 10 -MMA 90 ) are 1.55, 3.28 and 2.08, respectively (Fig. 6A) . These values clearly indicate unsymmetrical surfaces containing grooves. The lowest value of Rsk for P(2VP 3 -MMA 97 ) compared to the other two BCPs indicates a comparatively smoother surface. The increase in the mole fraction of P2VP with a similar molar mass resulted in higher Rsk values, which means a rough surface [compare P(2VP 3 -MMA 97 ) and P(2VP 15 -MMA 85 )]. Moreover, the slightly lower Rsk values obtained for P(2VP 10 -MMA 90 ) compared to P(2VP 15 -MMA 85 ) might be attributed to a longer PMMA block with a similar P2VP block length. The roughness of the lm decreases with incorporation of gold nanoparticles, as evidenced by decreased Rsk values (Fig. 6B) . The disparity of the morphology of lms for P(2VP-MMA) and P(2VP-MMA)-AuNPs might be attributed to a distinct conformation with different surfaces. Surface roughness factors are quantitatively evaluated for both P(2VP-MMA) and P(2VP-MMA)-AuNPs by analysis of the AFM images. The roughness root mean square (RMS) was calculated at 10 mm length scales. The phase image of P(2VP 15 -MMA 85 ) was found to have the roughest surface with an RMS value of 71.6 nm at 10 mm (Fig. 7) . The smoother surfaces of lms obtained with P(2VP 3 -MMA 97 ) and P(2VP 10 -MMA 90 ) are evident with RMS values of 14.4 and 19.3 nm, respectively.
Incorporation of AuNPs resulted in a decrease in the RMS values. The decrease is very pronounced in the case of P(2VP 15 -MMA 85 ) that has the roughest lm surface, by a factor of 6.2. The other two polymers, namely P(2VP 3 -MMA 97 ) and P(2VP 10 -MMA 90 ), showed a reduction in RMS values by factors of 1.04 and 1.56, respectively. A comparison of the reduction in RMS values with incorporation of AuNPs is demonstrated in Fig. 8 . Hence, P(2VP 15 -MMA 85 ) was selected for further studies on the 
Size of the P(2VP-MMA) micelles in toluene and P(2VP-MMA)-AuNPs
An analysis of the trend in the sizes of the micelles on account of the total molar mass and molar mass of individual blocks of P(2VP-MMA) in toluene and the effect of incorporation of AuNPs in the micelles is demonstrated in Fig. 9 . As mentioned earlier, a comparison of the three BCPs under study can be made with two parameters. First would be similar total molar mass but different chemical composition (P2VP block length). The samples that meet this criterion are P(2VP 3 -MMA 97 ) and P(2VP 15 -MMA 85 ). The size of the micelles increases with the length of the P2VP core. The second viable comparison could be different total molar mass but similar chemical composition. P(2VP 15 -MMA 85 ) and P(2VP 10 -MMA 90 ) have different total molar masses but comparable chemical composition (P2VP block length). The size of the micelles is found to be higher for the BCPs with a higher total molar mass but comparable P2VP block length (Fig. 9A) . Furthermore, the incorporation of metal NPs in the micelles resulted in decreased average sizes; however, the trend remains the same (Fig. 9B ).
Comparison of lms of P(2VP-MMA) micelles and P(2VP-MMA)-AuNPs by scanning electron microscopy
SEM images support the data obtained by AFM topographic images. P(2VP 3 -MMA 97 ) forms elongated lamellar polymer blocks without any denite shape, whereas P(2VP 10 -MMA 90 ) forms deeper groves and ridges. P(2VP 15 -MMA 85 ) shows a much smoother surface at a scale of 20 mm (Fig. 10) . The smoothness of the lms increased with incorporation of nanoparticles in all cases, but is more pronounced in the case of P(2VP 15 -MMA 85 ). The SEM imaging results endorse the results obtained by AFM.
Effect of casting solvent on surface morphology
Casting solvent might have different compatibilities for each segment of the BCP; hence, it will have a huge impact on the morphology of BCP lms. 3, 23, 25 The phase exhibiting a lower solubility in the solvent extends beyond the phase with higher solubility, leading to variable morphology of the cast lms from different solvents. In this context, three different solvents (toluene, chloroform and ethyl acetate) varying in their polarity are employed to prepare the casting solution. Toluene is a good solvent for PMMA but a non-solvent for P2VP, chloroform is a good solvent for both PMMA and P2VP, whereas ethyl acetate is a good solvent for P2VP but a non-solvent for PMMA. Fig. 11 depicts AFM topographical images of P(2VP 15 -MMA 85 ) copolymer lms cast from toluene, chloroform and ethyl acetate solutions. The surface morphology of the BCP lm cast from toluene was rich in the P2VP phase and poor in PMMA, showing a regular hexagonal pattern. Toluene is a non-polar solvent that has preferred solvation for PMMA compared to P2VP. Hence, the P2VP phase was deposited earlier than PMMA and resulted in a unique morphology with P2VP protrusions over the PMMA domains. The light region represents the P2VP phase whereas the PMMA phase is represented by the dark region. The low surface energy of P2VP stimulates the formation of a continuous phase on the surface while PMMA has to be a dispersed phase. On the other hand, lm coated from a chloroform solution produces a spread morphology without preference for any segment because of the non-preferential solvation of both segments. On the same lines, a solvent with higher polarity would have preferential solvation for P2VP compared to PMMA. Consequently, PMMA is deposited earlier compared to P2VP and results in a unique morphology with PMMA protrusions over a P2VP domain. In addition, P2VP has a lower surface free energy compared to PMMA; hence, the P2VP phase has a higher affinity for the air-polymer surface to obtain a continuous state.
Effect of substrate on surface morphology
As a next step, the effect of substrate on the morphology of lms is evaluated. The long-and short-range interactions at air-polymer and substrate-polymer interfaces resulted in rich interplays and competition. Block-selective segregation at the substrate will occur when the wetting component provides the lowest interfacial tension or exhibits a specic affinity for the substrate, so-called substrate-induced ordering. [41] [42] [43] Herein, three types of substrates are used that have distinct interactions with the PMMA and P2VP segments. Chloroform is selected as the casting solvent since it has no preferential solvation for any of the segments of BCP. AFM 3D phase images of the P(2VP 15 -MMA 85 ) copolymer lms on mica, silicon, and graphite surfaces cast from chloroform are presented in Fig. 12 . Mica has hydrophilic and highly polar ions, Si is hydrophilic and moderately polar, whereas graphite (HOPG) is non-polar and hydrophobic in nature. It is apparent that the shape and size of the copolymer lms coated on different substrates are dissimilar due to the different attractions of P2VP and PMMA for different substrates. P(2VP 15 -MMA 85 ) contains a long chain of PMMA compared to P2VP. Therefore, a smooth surface is obtained on HOPG due to high hydrophobic-hydrophobic interaction. A slightly thick lm is formed on silicon compared to mica. The reason might be the strong interaction of the P2VP block with the highly polar mica surface. The mica substrate contains silicon-hydroxyl bonds that interact with P2VP blocks, rendering a P2VP block distribution over a mica substrate. A thicker surface is obtained on mica compared to HOPG because of the long chains of the PMMA block. The silicon substrate has no preferential interaction with either PMMA or P2VP blocks. However, P2VP has lower free energy compared to PMMA that results in enrichment of P2VP at the air-polymer interface in order to minimize the air-polymer interfacial free energy. Hence, a higher P2VP mole fraction is observed at the airpolymer interface compared to the bulk that results in the appearance of a lamellar structure parallel to the surface. Furthermore, the grain height obtained on mica (42.3 nm) is higher compared to silicon (26.8 nm), due to different surface energies and polymer-substrate interactions. 
Thermal annealing and surface morphology
Annealing at different temperatures can have an enormous effect on the morphology of the surface of BCP lms. In the following discussion, the effects of thermal annealing in a temperature range from 50 to 230 C for about 30 min on the surface morphology of the P(2VP-MMA) and P(2VP-MMA)-AuNPs copolymer lms cast from chloroform on Si wafers are elaborated ( Fig. 13 and 14) . Film ordering has been improved considerably by thermal annealing. The poor ordering of lms prior to thermal annealing might be attributed to differences in solubility and surface energy of each segment of the block copolymers. Additionally, the rapid evaporation of solvents might hamper the proper alignment of different segments. The PMMA and P2VP phase regions have approximately the same area in the untreated samples; however, an augmented P2VP region is observed aer the lms have been annealed at higher temperature. The annealing temperature of 70 C is higher than the glass transition temperature of P2VP (50 C) and lower than the glass transition temperature of PMMA (100 C); hence, P2VP segments are more mobile, resulting in an increased P2VP domain. Furthermore, with annealing of the lms at 110 C, a temperature above the glass transition temperature of both P2VP and PMMA, the higher immiscibility of both segments is evident (Fig. 13 ). The PMMA domain increased again due to the enhanced mobility of the PMMA segment beyond its Tg. Moreover, the slight melting of the PMMA block above 110 C and complete melting beyond 160 C (i.e. the melting point of PMMA) resulted in dewetting of the polymer.
To conrm the phenomena of the effects of thermal annealing on P(2VP 15 -MMA 85 ) lm morphology, P(2VP 15 -MMA 85 )-AuNPs lms cast from chloroform onto Si wafers were also annealed. The presence of metallic nanoparticles in the P2VP domain resulted in additional absorption of heat at 70 C; therefore, the P2VP phase extended more compared to P(2VP 15 -MMA 85 ). Furthermore, the PMMA segment started to expand above 110 C, resulting in an increase in the PMMA domain. Finally, the whole morphology was disturbed completely at 160 C (Fig. 14) .
Conclusions
AFM is a powerful technique for the characterization of selfassemblies of block copolymers. This study is focused on manipulating the morphologies of P(2VP-MMA) copolymer lms by varying the total molar mass of BCP, individual block lengths, the solvent used for casting and the substrate. Surface roughness and thickness increased with an increase in the molecular weight of the polymer. Completely different morphologies of lms are obtained by casting the same polymer from solvents of different polarity. The morphology of the lms cast on different substrates showed a rough surface for hydrophilic Si wafers and mica, whereas a atter surface was obtained for hydrophobic graphite, due to the peculiar surface interactions of the different substrates. Furthermore, thermal annealing induced improved ordering in the lms. The area of the P2VP domain increased by annealing above 70 C up to 110 C compared to the PMMA domain, due to the increased mobility of P2VP above its T g value. Beyond 110 C, the area of the PMMA domain also started to increase due to the increased mobility of the PMMA segment above its T g value. Finally, the incorporation of AuNPs in the P2VP domain enlarged the domain size and conrmed the morphological selectivity of the lms.
